We introduce a new VEP paradigm -the Jitter Spatial Frequency (JSF) Sweep VEP -that permits efficient mapping of the spatiotemporal tuning of the developmental motion asymmetry (DMA). Vertical sinewave gratings undergoing 90 o horizontal oscillatory displacements (6 or 10 Hz) were presented while their SF was swept over 2 to 5 octaves during each VEP trial. JSF sweep VEPs were recorded from 28 infants (8-43 weeks), and symmetric (second-harmonic, F2) and asymmetric (F1) components of the VEP were measured. JSF sweeps can provide four useful estimates: (1,2) the high-SF cutoff of F1 and F2 responses estimates the spatial resolution of direction-selective (DS) and non-DS mechanisms, respectively; (3) the low-SF cutoff for F1 estimate the SF-boundary between mature (F1 absent) and immature (F1 present) DS mechanisms; and (4) the F1 high-SF cutoff estimates the lower velocity limit of cortical DS cells. For 6 Hz, the low-SF F1 cutoffs increased two times faster than traditional (contrast-reversal) VEP grating acuity (0.5 vs ~0.25 octaves/month), and twice that of the high-SF F1 and F2 cutoffs. This implies that no single mechanism can account for the DMA at both low and high SFs. At 10 Hz, the DMA exhibited no significant development, consistent with slower maturation of DS mechanisms at higher ST frequencies. The F2 high-SF cutoffs were higher than F1 at both 6 and 10 Hz, suggesting higher spatial resolution for non-DS (pattern) vs DS (motion) mechanisms. Finally, the lower velocity limit of the DS mechanisms decreased from ~2 deg/sec at 8 weeks, to 0.75 deg/sec at 33 weeks, similar to analogous limits for direction-of-motion identification in adults (~0.5 -1 deg/sec), and close to prior VEP estimates in infants (0.6 deg/sec).
Introduction
Developmental studies of motion processing and directional selectivity are of interest for several reasons. First, since directional selectivity is established in primate first at the level of the visual cortex, directionally selective responses are indices of cortically derived activity. Secondly, we are interested in the relationship between motion and pattern processing during development, since there is a substantial amount of data indicating that, under some conditions, adult motion and pattern processing may utilize distinct neural substrates (e.g., Murray, MacCana, & Kulikowski, 1983 ; also see Merigan & Maunsell, 1993; Merigan, Byrne & Maunsell, 1991) , and these could have different developmental sequences. For example, psychophysical data from normal adults indicate that directionally selective mechanisms do not span the entire spatial frequency range to which we are sensitive. In general, the spatiotemporal domain of motion detection in adults is demarcated roughly by spatiotemporal frequency combinations corresponding to a velocity limit of ~0.5-1 deg/sec; below this velocity, motion is generally not perceived at contrast threshold (reviewed by Graham, 1989) . At very high spatial frequencies, adults are unable to identify the direction of motion of gratings at any contrast (Badcock & Derrington, 1985) . Mature visual sensitivity thus appears to be mediated by motion sensitive mechanisms at low spatial, high temporal frequencies, but by non-directional selective mechanisms at relatively high spatial, and low temporal frequencies (Legge, 1978; Levinson & Sekuler, 1975; Pasternak, 1987; Pasternak & Leinen, 1986; Watson, Thompson, Murphy, & Nachmias, 1980) . These spatiotemporal zones have been associated with the psychophysically identified "transient" and "sustained" visual mechanisms (e.g., Anderson & Burr, 1985; Harwerth, Boltz, & Smith, 1980; Keesey, 1972; Kulikowski & Tolhurst, 1973; Tolhurst, 1973) , and are related to the spatiotemporal domains of magnocellular and parvocellular geniculocortical pathways (e.g., Maunsell & Gibson, 1992; Yeh et al., 1995 ; see reviews by Merigan & Maunsell, 1993 , Skottun & Skoyles, 2007a , 2007b , 2008a , 2008b . Thus, mapping of the spatiotemporal development of motion-sensitive and non-motion sensitive mechanisms may help identify the immature counterparts to these mechanisms and elucidate their maturational sequence.
The developmental motion asymmetry (DMA): a window into basic visual mechanisms
The study of developing motion-processing mechanisms can provide unique access to motion mechanisms that are difficult to isolate in the adult visual system. This window into motion mechanisms derives from striking asymmetries that are present in normal infant motion responses and oculomotor behavior, which do not occur in normal adults.
Both human and monkey infants exhibit highly asymmetric monocular optokinetic nystagmus (MOKN), with robust response to nasalward but not temporalward moving targets (Atkinson, 1979; Atkinson & Braddick, 1981; Brown, Norcia, Hamer, Wilson, & Boothe, 1993; Lewis, Maurer, & van Schaik, 1990; Naegele & Held, 1982; Wattam-Bell, 1987; Mohn, 1989; ). An analogous asymmetry occurs in the cortically-derived motion VEP responses of normal infants (Birch, Fawcett, & Stager, 2000; Bosworth & Birch, 2007; Brosnahan, Norcia, Schor, & Taylor, 1998; Gerth et al., 2008; Jampolsky, Norcia, & Hamer, 1994; Mason, Braddick, WattamBell, & Atkinson, 2001; Norcia, 1996; Norcia et al., 1991; Norcia, Hamer, Jampolsky, & Orel-Bixler, 1995) . recorded monocular motion VEPs (MVEPs) in response to sinusoidal gratings undergoing oscillatory motion. They found that the steady-state responses in normal infants are dominated by asymmetric components (first harmonic response or F1), in contrast to normal adults in whom the symmetric component (second harmonic response or F2) is dominant. The phase of the asymmetric component in one eye was 180 degrees out of phase from the F1 responses from the other eye, implying that the monocular responses were associated with opposite directions of motion for the two eyes. This pattern of response is strong evidence for a nasalwardtemporalward bias in the responses of a population of directionally selective cortical cells, and has been termed the developmental motion asymmetry (DMA; Jampolsky et al., 1994) . Birch, Fawcett and Stager (2000) reported that the DMA for 6 Hz, 1 c/deg gratings is not present before about eight weeks, suggesting that cortical directional selectivity undergoes a period of post-natal development.
"Direction-labeled" responses in infant visual evoked potentials: the DMA as an electrophysiological analogy to the "identification near threshold" psychophysical paradigm Graham (1989) has identified five basic psychophysical paradigms useful in analyses of sensory systems. One of these, the "identification near threshold" paradigm, is aimed at establishing the presence (or lack) of multiple analyzers along a dimension of interest (displacement of a grating pattern, in this case), and some indication of their relative sensitivity.
The DMA may be seen as an electrophysiological analog for the identification of motion direction, insofar as the F1 responses derive from the activity of directionbiased cortical cells. The responses themselves imply that the pattern (grating) was "detected" by the cells and -because of the phase relationship between the two eyes -that this detection was directionally selective. The directional bias causing the odd-harmonic VEP components serves as the signature of the cells' "direction identification".
The DMA is also analogous to Watson & Robson's (1981) "labeled detectors in human vision". The presence of direction-labeled detectors in the adult human vision has been demonstrated psychophysically in motion direction discrimination experiments at contrast threshold (e.g. Anderson & Burr, 1991; Watson et al., 1980; Watson & Robson, 1981) , as well as in experiments involving subthreshold summation (Levinson & Sekuler, 1975; Watson et al., 1980) . In addition, strong evidence for direction selective mechanisms in adult human vision comes from direction-specific adaptation of psychophysical threshold and suprathreshold motion after-effects (e.g., Levinson & Sekuler, 1973; Pantle, 1970; Pantle, 1974; Pantle & Sekuler, 1969; Sekuler & Ganz, 1963; Stromeyer, Madsen, & Klein, 1979) , as well as from analogous motion-adaptation of the VEP (e.g., Ales & Norcia, 2009; Chandna, Norcia, & Peterzell, 1993; Clarke, 1974) . Such motion detectors are thought to subserve adult contrast thresholds over much of the visible spatiotemporal range (Adelson & Bergen, 1985; Anderson & Burr, 1991; Watson et al., 1980; Watson & Ahumada, 1985; Wilson, 1985) .
The key for the psychophysical identification of a direction-labeled detector is that the labeling persists down to the detection threshold (Watson & Robson, 1981) . Previously, we showed that the DMA (including the 180-deg LE-RE phase relationship) is present in infants down to their displacement threshold when the amplitude of the oscillatory displacement is swept . In the present article, we present evidence that the DMA is indeed present at or near contrast threshold, at both low spatial frequencies and at the acuity cutoff for age.
A new paradigm for mapping the spatiotemporal development of the DMA
The DMA presents a novel paradigm with which to study DS mechanisms in normal infants and children, as well as in infants and children with visual disorders. To date, the spatiotemporal tuning of the DMA has not been examined in sufficient detail. The existing data have been obtained using fixed spatiotemporal (ST) frequencies to elicit the VEP, and these indicate that the binocular motion subsystem underlying the DMA matures (symmetricizes) earlier for low spatiotemporal frequencies (e.g., Norcia, 2004; Norcia, Hamer, & Orel-Bixler, 1990a) . A natural approach to more efficient mapping of the spatiotemporal domain of the DMA would be to take advantage of the swept-parameter VEP, as used extensively to study grating acuity, contrast sensitivity, motion responses, and vernier responses in infants and adults (Almoqbel, Leat, & Irving, 2008; Chen et al., 2005; Hamer et al., 1989; Hou et al., 2007; Norcia et al., 1989 Norcia et al., , 1999 Norcia et al., 1990b; Norcia & Tyler, 1985; Oliveira et al., 2004; Salomão, Ejzenbaum, Berezovsky, Sacai, & Pereira, 2008; Tyler, Apkarian, Levi, & Nakayama, 1979) . The present study introduces a stimulus paradigm in which, for a given temporal frequency, a grating undergoing 90-deg oscillatory displacements is swept in SF. We have termed this the Jitter Spatial Frequency (JSF) Sweep VEP Paradigm.
The F1 component of the VEP in response to a JSF sweep can provide information relevant to more than one aspect of maturation of directionally selective cortical mechanisms. Based on prior work concerning the DMA Jampolsky et al., 1994; Norcia, 2004; Norcia et al., 1990a Norcia et al., , 1991 Norcia et al., , 1995 , we can anticipate several response patterns for the JSF sweep VEP depending on age and the ST parameters of the stimulus. For example, for an appropriate choice of spatiotemporal parameters, the monocular F1 response of a normal infant should have a bandpass form, with the low-SF cutoff of the response representing the spatial boundary between mature (symmetrical, low-SF) responses, and immature (asymmetrical, higher-SF) responses. For younger infants, the response form should be low-pass, since DMA still persists for low spatiotemporal frequencies. Examples of these response forms are illustrated schematically in Figure 1 and with data obtained from individual infants in Figures 2 and 3 in the Results section.
Throughout the maturational sequence of asymmetrical to symmetrical motion responses, we can measure a high-SF spatial cutoff of the F1 response. This cutoff provides an estimate of the spatial resolution limit of DS cells underlying the DMA, and also an estimate of the lower velocity limit of these cells.
Finally, under some conditions (discussed in detail in the Discussion section), the high-SF cutoff of the symmetric response component (F2) can provide a simultaneous, quasi-independent estimate of the spatial resolution of non-DS cortical mechanisms. Thus, the paradigm can potentially assay simultaneously the spatiotemporal domain of motion-and pattern-sensitive mechanisms over the course of development.
The DMA as a monocular index of binocularity
The monocular asymmetries described above appear to be immature components of what becomes a binocular motion subsystem in visual maturity. Early interruption of binocularity is associated with nasalward/temporalward biases in monocular motion VEP that persist into adulthood Bosworth & Birch, 2007; Hamer, Norcia, Orel-Bixler, & Hoyt, 1993; Jampolsky et al., 1994; Norcia et al., 1991 Norcia et al., , 1995 Tychsen, Hertig, & Scott, 2004 ). In addition, there is indirect evidence from adults that the monocular VEP asymmetry measured in normal infants reflects activity of a binocular motion subsystem. In normal adults, asymmetrical MVEPs (significant F1 response components) can be induced in one eye by motion-adaptation of the other eye (interocular transfer of an adaptation-induced asymmetry; Chandna et al., 1993) . Thus, spatiotemporal mapping of the DMA has both clinical relevance and relevance to basic theoretical mechanisms of motion-processing and binocularity.
To anticipate our results, in infants as well as in adults the highest spatial frequency (pattern-sensitive) channels are not direction selective. Moreover, multiple DS and non-DS (pattern-sensitive) mechanisms appear to follow distinct developmental time courses, and these can be monitored quasi-independently by the spatial cutoffs of the even and odd harmonic response components of the sweep VEP. Finally, our estimate of the lower velocity limit for cortical DS cells in infants (~0.7 deg/sec) is similar to the estimate for psychophysical direction-of-motion identification in adults (~0.5 -1 deg/sec; reviewed in Graham, 1989) .
Methods

Participants
Infants (N = 28) were recruited from parent education classes at a local hospital. All infants were healthy and were born within two weeks of expected term. The infants were from 8 to 43 weeks postnatal age (mean age for all 28 infants was 21.8 weeks; for the 13 infants tested at 6 Hz, it was 17.8 weeks; for the 15 infants tested at 10 Hz, the mean age was 25.2 weeks). Recordings were made after informed consent was obtained from the parent(s). All procedures used conformed to the terms of the Declaration of Helsinki. All testing was completed in one or two one-hour sessions within a one-week period.
Apparatus -Stimuli generation
Vertical cosine gratings were generated using a digital raster-scan graphics card (TrueVision NuVista+) hosted by a Macintosh computer. The gratings were presented at 640X480 resolution at a frame rate of 66.7 Hz. The mean luminance was 160 cd/m 2 . Gammacorrection was implemented using a look-up table and the gratings were presented at a Michelson contrast of 80%. Screen size was 22.5 X 30 cm, yielding field sizes of 12.8 X 17 deg at 100 cm.
VEP data acquisition and response analysis
The EEG was recorded from 5 derivations (C z vs O 1 , C z vs O z , C z vs O 2 , O z vs O 1 , and O z vs O 2 ) over an amplifier passband of 1-100 Hz (-6 dB) using Grass gold-cup electrodes. The EEG was digitized with a 16-bit analog-to-digital converter (Spectral Innovations SIAD8-C) connected to a Spectral Innovations MacDSP digital signal processor card placed in the host computer. EEG data acquisition was synchronized to the video display by using the vertical and horizontal synchronization signals from the NuVista+ as timing signals for the data acquisition subsystem. Separate C-language programs ran independently on the 32-bit processors associated with the NuVista+ video generator and the digital signal processor.
The sampled data was adaptively filtered in real-time on the MacDSP card using the method described in Tang & Norcia (1995) . A Recursive Least Squares (RLS) adaptation algorithm was used in a modification of the Adaptive Noise Cancellation technique of Widrow et al. (1975) . Sine and cosine filter weights were updated using the RLS algorithm on each new data sample. Amplitude and phase values for stimulus-related frequencies [the first (F1) and second (F2) harmonics of the stimulus frequency in the present analyses] were calculated from these weights, as were the amplitudes at frequencies with ±1 Hz from the signal frequency. The latter provided an estimate of local noise near the response frequency for calculation of signal-to-noise ratio (SNR).
Procedure
Infants were seated comfortably on their parent's lap. For infants under 2 months of age, viewing distance was 70 cm. For all other infants, the viewing distance was 100 cm. All viewing was monocular, and the initial eye to be tested was chosen randomly.
Trials were initiated by the experimenter when the corneal reflection of the video monitor was centered in the infant's pupil. The infants' fixation was elicited by dangling small, noisy toys in front of the video monitor. Trials were interrupted when the infant lost fixation or made large movements. If the trial was interrupted, the sweep was automatically reset to the previous value and the stimulus was held at that value until the experimenter resumed the data collection. At the beginning of each trial, the stimulus was displayed with the initial sweep parameters for at least 1 sec prior to the beginning of data collection. This approach avoids collection of VEP data that may include large transients in the evoked response that might occur after large changes in the stimulus. Prior to the initiation of the trial, the RLS filter was continually adapting to the prevailing EEG.
Throughout each 10-sec VEP trial, the gratings underwent horizontal oscillatory displacements (± 45 o spatial phase) at either ~6 Hz (5.5 or 6 Hz) or ~10 Hz (10 or 11 Hz) while their spatial frequency was swept over two to five octaves in 10 equal logarithmic steps. VEP was collected for each of the 10 spatial frequency bins comprising each trial. A minimum of three 10-sec trials were run for each condition, and a vector average of all responses at each analysis harmonic was calculated.
In each session, we attempted to complete the full test protocol (6 and 10 Hz sweeps from each eye, with at least 3 trials in each condition). For the analyses of the group data ( Figures 5, 6 ), results from one recording channel were used for each infant. This was the channel in which at least one of the monocular responses contained a statistically reliable response in the F1 component, usually the channel with the highest peak signal-to-noise ratio. For presentation of illustrative examples of individual data, the order of eye testing was random, and channels for comparison were chosen according to the criteria above.
The choice of ~6 and ~10 Hz was guided by prior work, with fixed ST parameters, that indicated that development takes longer at 10 Hz than at 6 Hz (e.g., Norcia et al., 1990a; Norcia, 2004) . Thus, both spatial and temporal frequency must be varied to completely characterize the developmental status of the underlying motion process at any given age. These two frequencies generate robust responses in infants and are sufficiently different to have distinguishable developmental time courses, especially when tested with different spatial frequencies.
A logarithmic sweep was used in order to obtain a coarse mapping of the spatial frequency domain of the DMA. We have argued previously that there are empirical and theoretical reasons to use a linear spatial frequency sweep for estimating SF cutoffs (Campbell & Green, 1965; Campbell & Kulikowski; Campbell & Maffei, 1970; Norcia & Tyler, 1985) . Empirically, a linear sweep produces a linear (second-harmonic) amplitude response as a function of spatial frequency. Log SF sweeps would be expected to increase the variability of extrapolated SF cutoffs due to relative undersampling of the high-SF region within each SF sweep. On average, this effect would not be expected to change the mean SF cutoff estimate. A log-sweep would also tend to introduce curvature to the amplitude response. In this case, a linear regression extrapolation would tend to systematically overshoot the "true" SF cutoff. All the scoring of the sweeps was done conservatively -that is, whenever possible, extrapolations were made along the steepest slope of the amplitude falloff. Nevertheless, the mean estimate of high-SF cutoff is likely to be somewhat higher, and the low-SF estimates somewhat lower, than would have been estimated by linear SF sweeps. . For the youngest infants (A), the developmental motion asymmetry (DMA) will be present at low SFs. During the JSF sweep, the F1 response will decrease as the SF approaches the spatial cutoff of the DS cortical mechanisms (vertical red dashed line). This cutoff estimates the "motion acuity" of the DS mechanisms, and also the lower velocity limit of these neurons (Velocity limit ≈ TF/SF cutoff). The lower velocity limit is expected to decrease with age, and approach adult levels (red dashed line moves rightward in panels A, B, C, D). Depending on the choice of TF and SF range, the overall response pattern at young ages will be approximately low-pass (A), and will become bandpass at older ages for the same SF range (B, C). During development, the transition to the bandpass form will be accompanied by an overall decrease in F1 amplitude as the DS mechanisms mature and become less asymmetrical (B,C,D). Eventually, the DS mechanisms will be fully symmetrical, and no significant F1 response can be recorded (D). The other defining signature of the DMA is the 180-deg relationship between the LE and RE phase responses. It is this phase relationship that shows that the DS mechanisms in the two eyes have a nasalward/temporalward bias. In general, we find that the 180-deg interocular phase relationship is present throughout the range where the monocular F1 responses are significant. The lower sub-panel in A shows the two schematic monocular phase responses (even though the amplitude plot above only depicts the response from one eye, under the assumption that each eye generates an identical amplitude) response. Based on prior data relevant to the DMA, we can anticipate some general developmental patterns of monocular F1 responses as a function of S-T frequency. A hypothetical developmental sequence is depicted schematically in Figure 1 .
Panel A of Figure 1 depicts a monocular F1 amplitude response from a hypothetical infant at a young age. At this age and for the TF used, the infant has a robust F1 response in the low-SF range of the JSF sweep (i.e., the DMA persists with this combination of SF and TF for this age range). The F1 JSF Sweep has an approximate low-pass form for the range of SFs sampled in this example. The amplitude response for one eye is shown, but assuming the other eye is in the same state of development, the response would be expected to be very similar (see Figures 2 and 3) . The lower subpanel in A depicts schematically the monocular F1 phase responses expected. For all SFs at which the DS responses are asymmetric, the LE and RE phases will be 180 degrees out of phase with respect to each other. This interocular phase pattern is expected to be present out to the highest SF to which the DS cortical mechanisms can respond (the high-SF cutoff; e.g., see Figure 9 in . It is the signature of direction-labeled cortical responses having a nasalward/temporalward bias.Panel B in Figure 1 depicts the F1 response for an older subject (solid curve) tested over the same SF range. The F1 response for the younger age is shown as the dashed curve for comparison. At this older age, three signatures of developmental change in the DS cortical mechanisms are expected.
First, the F1 amplitude at low SFs should decrease as DS responses at low S-T frequencies symmetricize, resulting in a bandpass form. In addition, we expect both the low and high SF cutoffs to shift rightward with development (right-pointing blue arrows). The loss of significant F1 response at low SFs permits an estimate of the low SF cutoff, defining the low SF boundary of mature (symmetric) DS responses for the TF and age. The high SF cutoff of the F1 response should shift to higher SFs as the lower velocity limit of the DS cells matures and approaches adult values (vertical dashed lines). The high SF cutoff for the F1 response provides an estimate of this velocity limit, and may also be thought of as an estimate of a "motion acuity" for the DS cortical neurons.
Panels C and D in Figure 1 depict a continuation of the these same developmental changes in low and high SF cutoffs, but also show the F1 amplitude diminishing with the maturation of the DS mechanisms across all SFs tested until the F1 response is no longer recordable (panel D). Figure 2 shows two examples of infants with a robust DMA in each eye at all the low spatial frequencies presented in the JSF sweeps. These data exhibit the low-pass form similar to the pattern depicted schematically in Figure 1A . The left panels show the monocular F1 data of a 10-week-old tested at 5.5 Hz. The right panels show the data of a 22-weekold tested at 10 Hz. For both infants, the RE and LE responses have equal amplitude at all the SFs, and are in ~180-deg phase relationship out to their extrapolated thresholds.
Spatial tuning of the DMA: examples of monocular F1 responses from the Jitter Spatial Frequency (JSF) Sweep VEP Paradigm
The interpretation of this pattern of results is that these infants' DS mechanisms were still immature for the S-T frequencies tested, even for the lowest SFs tested. Thus, a pronounced DMA is present (significant F1) at the start of the sweep, and diminishes as the SF increases. We can estimate the acuity limit (lower velocity limit) of the infants' cortical DS mechanisms by extrapolating along the high SF slope to zero microvolts.
For infant JG (10 wks, 5.5Hz), the high SF cutoff was ~4 c/deg, corresponding to a lower velocity limit of ~1.4 deg/s. For infant AF (21.7 wks, 10 Hz), the corresponding limits were ~6 c/deg, or ~1.7 deg/s.
Spatial tuning of the DMA: directional selective responses
One can derive several measures from the F1 component of the response. Figure 3A compares the F1 data from the RE and LE of a 19-week-old infant (CP). Depending on the age of the infant and the developmental state of the DS mechanisms, the F1 responses will tend to have a bandpass form, as in CP's data (and as illustrated in Figures 1B and  C) . At low spatial frequencies, the amplitude of the F1 component is relatively low, commensurate with mature (symmetrical) DS mechanisms at these frequencies. At intermediate SFs, F1 amplitude is greater, implying a more robust DMA (less mature response). At higher frequencies, the F1 amplitude decreases again as SF approaches the motion acuity (lower velocity) limit of the DS mechanisms.
In this case, two SF cutoffs may be estimated from each eye by extrapolating to zero microvolts along the low and high spatial frequency flanks of the spatial tuning curve. The arrowheads in Figure 3A mark the extrapolated high and low SF cutoffs for CP's F1 data.
Note that the RE and LE F1 responses from infant CP are in 180-deg phase relationship up to the highest SF tested (8 c/deg). In addition, although CP's LE has slightly larger amplitude F1 response than the RE in the mid-SF range, overall the two eyes appear to be in comparable stages of development in terms of motion asymmetry.
Our current working hypothesis is that the high SF cutoff of the F1 response estimates the spatial resolution limit of the population of directionally selective cells underlying the DMA, and may be thought of as a "motion acuity" measure. In addition, the high SF cutoff provides an estimate of the lower velocity limit of these DS cells (~1 deg/sec, for this infant). The lowfrequency cutoff represents the low-spatial frequency boundary of the DMA, identifying the spatiotemporal boundary between mature (symmetric) and immature (asymmetric) direction-selective, binocular responses.
Spatial tuning of symmetric response components
Extrapolation along the high SF limb of the symmetric (F2) component of the VEP yields a second spatial cutoff which we hypothesize to represent the acuity limit of non-DS mechanisms. Figure 3B compares the symmetric (F2, filled squares) and asymmetric (F1, filled triangles) components of the RE data of a 12-week-old infant (EG). For this young infant, the high SF cutoff for the F2 component (6.75 c/deg) is greater than the cutoff for the F1 component (4.2 c/deg). This pattern of results is reflected in the group performance also (see Fig. 5 ).
Since an F2 response is also obtained from the same JSF sweeps, the amplitudes of the F1 and F2 components permit an additional measure of the DMA magnitude. For each bin (or for an average across selected bins), one can calculate an asymmetry index (AI) relating the relative amplitude of the asymmetric (F1) response component to the sum of the F1 and F2 amplitude Jampolsky et al., 1994; Norcia et al., 1995) . The AI ranges between a maximum of 1.0 (all energy in the F1 component) to 0 (no F1, all F2). The more asymmetric (immature) the response, the larger the AI.
The AI has been shown to provide a useful index of the degree of asymmetry of the motion responses in both normal and abnormal development Bosworth & Birch, 2007; Jampolsky et al., 1994; Norcia et al., 1995) .
Differential development of DS cortical mechanisms
The results from individual infants also suggest that the JSF Sweep paradigm can reveal the differential development between the two monocular responses in terms of maturation of DS cortical mechanisms. The data shown in Figure 2 illustrates cases where the two eyes of each infant appeared to be at approximately equal stages of maturation (equal amplitude F1 responses in each eye with comparable high SF cutoffs). Each eye had a robust DMA, with equal RE and LE amplitudes at F1 over equal ranges of SF.
By contrast, some infants' monocular F1 responses suggest that DS mechanisms in each eye's response are symmetricizing differently depending on the specific S-T parameters of the stimulus. Two examples are shown in Figure 4 .
The F1 data from HL's RE has a bandpass form over the SF sweep range tested; however, the LE response is low-pass and has a more significant F1 response at low SFs than the RE. A low SF cutoff was not measureable from the LE data, but the high SF cutoff for the LE was the same as that for the RE (~5 c/deg). The different pattern obtained from the two eyes at low SFs is consistent with differential rates of maturation of monocular DS mechanisms (DMA) in the two eyes. The similarity of the data at higher SFs suggests similar states of maturation of the DS cells' lower velocity limit.
MH's data in Figure 4 present a more extreme example of differential development of the DMA. For the RE, a strong F1 response is present over the whole sweep range, but the LE response is not significant at any of the SFs in the sweep. The lack of F1 response in the LE was not due to response recording problems since the LE did generate significant F2 in the same sweeps (not shown). Figure 5 shows the development of all three spatial cutoffs for the group of infants. The data for 6 Hz (n = 13) and 10 Hz (n = 15) are shown separately in the left and right columns of panels, respectively. The two top panels show the high SF (open circles) and low SF (filled circles) cutoffs for the F1 responses. The bottom panels show the high SF cutoffs for F2 measured from the same JSF sweeps from which the F1 spatial cutoffs were measured.
Group Data Spatiotemporal development of motion & pattern processing
All three cutoffs for 6 Hz indicate significant development. The correlations between log-cutoff SF and age are statistically significant (p < .005 for F1 data; p < .025 for F2 data). The F1 and F2 high SF cutoffs , and for the high-SF cutoffs for F2 (lower panels). Developmental data for 6 Hz and 10 Hz are shown in the left and right columns of panels, respectively, along with corresponding linear regression lines. For the 6 Hz data, correlations are significant, with all three regression slopes significantly greater than zero (significant development). The regression slopes for the high-SF cutoffs are ~1/4 octave/month, nearly identical to the growth rate for conventional (reversal) sweep VEP grating acuity development Norcia, 2004; Norcia & Tyler, 1985) . However, the regression slope for the F1 low-SF cutoffs is twice as fast (~1/2 octave/month), and is significantly different from the other two regression slopes. For the 10 Hz data, cutoffs did not change significantly with age, and the correlations were not significant over the age range tested. Over this age range, spatial resolution is likely to be changing less with age Norcia, 2004; Norcia & Tyler, 1985) , and maturation of the DMA at 10 Hz is expected to be slower (Norcia et al., 1990a; Norcia, 2004). increase with age at a rate (F1: 0.23 octaves/month; F2: 0.19 octaves/month) comparable to that found previously for sweep VEP acuity for phase-reversing gratings (F2: 0.25 octaves/month; Norcia, 2004; Norcia & Tyler, 1985) . However, the low SF cutoff data for the F1 responses increases at about twice this rate (0.5 octave/month). This slope is significantly steeper than the high SF cutoff slopes (p < .02, df = 22, 2-sided test t-test for regression coefficient differences).
The 10 Hz data are relatively independent of age. For the F1 low SF cutoffs, less developmental change is expected, since the DMA persists longer at 10 Hz than at 6 Hz (Norcia et al., 1990a; Norcia, 2004) . However, the shallower slope may also reflect, in part, the relatively older and restricted age range tested at 10 Hz (15 -43 weeks, with 13 infants falling between 15 and 31 weeks).
Under the hypothesis that infants' motion mechanisms have lower acuity than pattern-sensitive mechanisms, and that these are associated with the F1 and F2 response components, respectively, one predicts that the F2 high SF cutoffs will tend to occur at higher SFs than the corresponding F1 cutoffs (as in individual data shown in Figure 2B ). This comparison is not readily apparent in Figure 5 . Figure 6 shows a within-subject comparison of the F2 high SF cutoffs plotted against the F1 high SF cutoffs on log-log coordinates.
The left and right panels show, respectively, the data for 6 Hz and 10 Hz. The data show that the two cutoffs are significantly correlated (6 Hz: r=0. 761, p<0.005; 10Hz: r = .5872, p < .025, 1-sided tests) -infants who Note -In this regard it is worth noting that adult, sweep VEP acuities based on extrapolation of F2 amplitude responses are indistinguishable whether measured using conventional phase-reversing gratings or gratings undergoing 90-deg oscillatory motion (Lewin, Chandna & Norcia., 1995) . Moreover, adult psychophysical acuities match those estimated via sweep VEP extrapolation of F2 amplitudes (e.g., Allen, Norcia & Tyler, 1986; Norcia, Tyler & Hamer, 1990b) . HL's (15 wks) RE response is roughly bandpass, permitting an estimate of a both a low-and a high-SF cutoff for each eye (Fig. 1 B,C) . Note that the RE and LE phases differ by ~180 deg over the full range of SFs, even beyond the high-SF cutoff (~5 c/deg). This "motion acuity" limit corresponds to a lower velocity limit of ~2.2 deg/sec for this temporal frequency (11 Hz). HL's LE response is low-pass, with the response at low SFs having more significant asymmetric F1 response than the RE. A low-SF cutoff was not measureable from the LE data, but the high-SF cutoff for the LE was the same as that for the RE. This suggests differential development between the two eyes vis a vis maturation of the DMA, but perhaps similar states of maturation of the DS cells' lower velocity limit. The data from infant MH illustrates a more extreme case of differential development. These infants' data suggest that the DS mechanisms in the two eyes can mature (symmetricize) at substantially different rates. The thick lines are linear regression fits to the data. The correlations are significant, indicating that the two components co-develop to some extent. A paired comparisons t-test showed that for both the 6 Hz and 10 Hz data, the F2 cutoffs are significantly higher than the F1 cutoffs. This is commensurate with the hypothesis that the F2 responses reflect the spatial cutoff of (symmetric) non-DS, pattern-sensitive cortical cells, and that these have higher inherent resolution limit than the (asymmetric) DS cells underlying the DMA (F1 responses).
have a high spatial cutoff for one component tend to have a high cutoff for the other. This suggests that the neural substrate underlying the two VEP components codevelop to some extent. Figure 6 also shows that at each temporal frequency, the F2 cutoffs occur at significantly higher SF than the F1 cutoffs (6 Hz: t = 2.753, df = 12, p < .01; 10Hz: t = 2.8165, df = 14, p < .01, 1-sided paired comparisons t-tests). This result is commensurate with the hypothesis that in normal infants, DS mechanisms have lower spatial resolution than non-DS mechanisms.
Discussion
The developmental motion asymmetry (DMA) in the monocular oscillatory motion VEP derives from the activity of directionally selective (DS) cells in the visual cortex Norcia, 2004; Norcia et al., 1991) . The signature of the nasalward/temporalward directional bias in these cortical neurons is a 180-deg phase relationship between the RE and LE monocular F1 responses. As discussed in the Introduction, the DMA may be seen as an electrophysiological analog to the psychophysical identification of motion direction (Graham, 1989) or direction-labeled detectors (Watson & Robson, 1981) .
Asymmetric responses are generally not present in normal adult monocular MVEPs (Norcia, 2004; Norcia et al., 1991 Norcia et al., , 1995 . During the course of normal development, asymmetric response components diminish, approaching the adult state at an age that depends on the spatial and temporal frequencies used (Norcia et al., 1990a; Norcia, 2004) . For 6 Hz and 1 c/ deg, for example, it appears that the relative amplitude of the asymmetric response component is close to the adult value by ~20 weeks of age Bosworth & Birch, 2007; Norcia et al., 1990a; Norcia, 2004) . In the present study, the signature of direction-labelingsignificant F1 in the monocular MVEP, with 180-deg LE/ RE phase relationship -was found over a wide range of SFs extending up to near the extrapolated SF cutoff. We know from previous studies that the DMA is undergoing considerable developmental progression at 6 Hz over the first 8-10 months. It is still measurable over a range of higher spatial frequencies in the oldest infants we tested (Norcia et al., 1990a; Norcia, 2004) . Little development was apparent at 10 Hz (Figure 5 ), although the range of ages tested at this frequency may have been too small to indicate a trend. The relative immaturity at 10 Hz is also consonant with previous evidence indicating that the DMA persists longer at 10 Hz than at 6 Hz (Norcia et al., 1990a; Norcia, 2004) .
Spatiotemporal development of motion & pattern processing
The JSF sweep paradigm permits the efficient mapping of the developmental progression of the spatiotemporal domain of the DMA. The paradigm also has the advantage of providing simultaneous, withinsubject estimates of resolution acuity for both asymmetric (F1) and symmetric (F2) response components.
The paradigm can thus potentially explore, on a within-subject basis, three important spatial boundaries for a given temporal frequency, as illustrated by the individual data presented in Figures 2-4 . The lowfrequency cutoff of the F1 response may be seen as marking the lower spatial frequency extent of the DMA. In general, for young infants, this low-frequency cutoff occurs at a spatial frequency far below the infant's ordinary (reversal) grating resolution acuity.
Ideally, the JSF Sweep VEP approach can provide the most information about the development of both the DS and non-DS mechanisms if the SF range is chosen so that both the F1 low and high SF cutoffs can be estimated, and the F2 high SF can be estimated. Overall, for the 28 infants tested, the dominant spatial tuning function was bandpass.
Differential development of the monocular DS responses
As illustrated in Figures 2-4 , one can get a qualitative and quantitative picture of the relative state of development of each eye in terms of DS mechanisms and the DMA. One eye may have significantly more robust F1 responses than the other, and this may vary with SF so that the two eyes have different spatiotemporal tuning of their asymmetric DS responses (Figure 4) . Such differential development of the DMA may be a normal aspect of development, but it may also provide an additional window into the functional etiology of visual dysfunction and may aid in clinical diagnosis and/or management (e.g. Jampolsky et al., 1994; Norcia et al., 1995) . Interocular differences in DMA magnitude have been observed when monitoring motion responses in infants and children being treated for strabismus, both pre-and post-operatively . The JSF Sweep paradigm can provide a more detailed spatiotemporal picture of the DMA during clinical evaluation and management.
In addition, the data shown in Figure 4 (data from infant HL) suggests that the JSF Sweep paradigm may be able to reveal differential development of the DMA as assessed by the F1 response features at low SFs, while the RE and LE high SF responses are similar in amplitude and SF cutoff. Such differences in low and high SF responses at F1 lend further support to the notion that these responses are tapping distinct neural substrates.
Interpretation of the high SF cutoffs from the group data
The data in Figure 5 demonstrate that the symmetric (F2) and asymmetric (F1) response components have significantly different high SF cutoffs, with the symmetric component having the higher cutoff. This pattern of results is consistent with the hypothesis that the high SF cutoffs for F2 estimate the spatial resolution of pattern-sensitive, non-directionally selective mechanisms in infants, and that these have a higher spatial resolution than the DS mechanisms generating the F1 responses. This interpretation of the data is based on the following reasoning.
The F1 component of the oscillatory displacement VEP in young infants derives from the activity of cortical direction-selective cells with a strong nasalward/ temporalward population bias Norcia, 2004; Hamer et al., 1993; Jampolsky et al., 1994; Norcia et al., 1991 Norcia et al., , 1995 ) . However, the even harmonic components can derive from three sources. First, the activity of non-directional selective (patternsensitive) cells will generate only even harmonic response components. Second, the activity of a cell population with a balance of oppositely tuned direction-selective cells will generate responses indistinguishable from a population of non-DS cells (i.e., only even harmonic components). Finally, a population of direction-selective cells with an imbalance of directional tunings (e.g., even with a complete nasalward/temporalward directional bias) will generate not only a large response at the fundamental frequency (F1), but will also generate all the even harmonic components as well (even a half-wave rectified sinewave is composed of all the even harmonics, in addition to the F1 component). Hence, the second harmonic response is expected to reflect the combined activity of both DS and non-DS cells in some undetermined proportion. The relative contribution of DS and non-DS responses to the overall symmetric VEP components will presumably vary with spatial frequency, possibly non-monotonically, due to the non-monotonic amplitude response observed at F1 (Figure 3) . In any case, one would expect that if DS cells' responses were setting the high SF limit for the F2 responses, they would also do so for the F1 responses. A parsimonious interpretation of the data is that the resolution limit of the DS mechanisms establishes the high SF cutoff for the F1 responses, and that the "extra" response at higher spatial frequencies (in the F2 component) reflects the activity of non-DS cells with inherently higher spatial resolution. Thus, non-DS mechanisms may have higher resolution throughout development and into adulthood, where a substantial body of psychophysical data indicates that they have a higher spatial resolution limit than motion (DS) mechanisms (e.g., Badcock & Derrington, 1985) , especially at low temporal frequencies (e.g. Watson et al., 1980) .
Relationship between the three SF cutoffs: implications for the co-development of DS and non-DS cortical mechanisms
An important question is the extent to which the spatial development of the DMA is linked to the development of pattern acuity, by which we mean the acuity of non-DS mechanisms. One simple model is that a single, unitary mechanism (e.g., increased photoreceptor packing in the fovea or decreasing cortical receptive field sizes) governs the spatial development of both the DMA and grating acuity. This would predict that all three spatial cutoffs would follow the same developmental progression.
For the 6 Hz data, the two high SF cutoffs are indeed nearly parallel. However, Figure 5 shows that the low SF cutoffs for F1 increase at twice the rate (0.5 octaves/ month) of either of the two high SF cutoffs, and, also, at twice the rate of ordinary sweep VEP grating acuity (~0.25 octaves/month; Norcia & Tyler, 1985 ; studies shown in Figure 13 .6, Norcia, 2004) .
The quicker maturation of the low SF F1 cutoffs implies that the low SF DS mechanisms are maturing (symmetricizing) more rapidly than high SF DS mechanisms. This implies that more than one mechanism must govern the low and high SF F1 cutoffs. The high SF cutoff for F2 presumably represents an additional mechanism distinct from the one that sets the F1 high SF cutoff. The different growth rates for low and high SF cutoffs and the difference between F1 and F2 high SF cutoffs provides independent evidence for the existence of more than one independent spatial channel over the course of development (Banks, Stephen, & Hartmann, 1985; Fiorentini, Pirchio, & Spinelli, 1983; Peterzell, Chang, & Teller, 2000; Peterzell & Kelly, 1997; Peterzell, Werner, & Kaplan, 1993 .
Velocity limits for motion processing in infants
In adults, psychophysical estimates of the lower velocity limit for accurate direction identification at threshold level range between about 0.5 and 1 deg/ sec (reviewed by Graham, 1989) . A velocity limit can be estimated from the SF cutoff data ( Figure 5 ) based on the relation velocity = TF/SF. For this analysis, the fitted regression line was taken as the best estimate of the developmental sequence. For the 6 Hz data, the F1 high SF cutoff increases systematically with age from 3 c/deg at 8 weeks to 8 c/deg at 33 weeks. These cutoffs correspond to a progressive decrease in the lower velocity limit with age, from 2 deg/sec to 0.75 deg/sec. The 10 Hz data, obtained from a somewhat older age range, did not show any significant development. The geometric mean high SF F1 cutoff for the group was 6.5 c/deg, corresponding to a lower velocity estimate of 1.53 deg/sec.
These estimates suggest that the direction-labeled detectors underlying the DMA are nearly adult-like by eight months of age for low TFs, and are within a factor of two to three of adult values at higher TFs. A velocity limit estimate of 0.75 deg/sec for older infants tested at 6 Hz is close to that obtained in an earlier study of oscillatory motion thresholds in infants (~1.1 deg/sec, also measured at 6 Hz; .
We do not know whether the MVEP arises before or after velocity has been encoded. Thus, our estimates provide a lower bound on how good velocity detection could be, based on the capabilities of the DS mechanisms that are available. If velocity is encoded at a second stage, additional immaturities at that stage could set the lower velocity limit.
Behavioral estimates of the lower velocity limit eliciting motion responses in infants cover a broad range (from 1.2 deg/sec to 22.3 deg/sec), depending on the age range tested -6-8 weeks: 3 deg/sec (Banton & Bertenthal, 1996; Kaufmann, Stucki, & Kaufmann-Hayoz, 1985) to 9 deg/sec (Aslin & Shea, 1990) ; 12-14 weeks: 2-3 deg/sec (Bertenthal & Bradbury, 1992; Dannemiller & Freedland, 1993) to 22.3 deg/sec (Dobkins & Teller, 1996) ; 20 weeks: 1.2 deg/sec (Bertenthal & Bradbury, 1992) to 2 deg/sec (Dannemiller & Freedland, 1989) .
Relationship between the DMA and binocular vision
One possible explanation for the faster maturation of the DMA at low SFs in the 6 Hz data is that symmetricization of low SF mechanisms is augmented by the onset of binocularity and disparity sensitivity, which is developing rapidly over the first three to five months of life (Birch et al., 1985; Petrig, Julesz, Kropfl, Baumgartner, & Anliker, 1981; . At least three lines of evidence imply that the DMA (and analogous oculomotor asymmetries) represents an immaturity in a binocular motion-processing subsystem. First, early interruption of binocularity is associated with nasalward/ temporalward biases in monocular motion VEP that persist into adulthood Bosworth & Birch, 2007; Hamer, Norcia, Orel-Bixler, & Hoyt, 1993; Jampolsky et al., 1994; Norcia et al., 1991 Norcia et al., , 1995 Tychsen, Hertig, & Scott, 2004; ) . Adults with a history of infantile esotropia generally manifest the full profile of asymmetrical motion responses characteristic of the immature visual system -asymmetric MOKN and smooth pursuit (Lisberger, Morris, & Tychsen, 1987; Schor & Levi, 1980; Sokol, Peli, Moscowitz, & Reese, 1991; Tychsen et al., 1985; Tychsen & Lisberger, 1986; Walton & Lisberger, 1989) , as well as asymmetric MVEPs Jampolsky et al., 1994; Norcia et al., 1991 Norcia et al., , 1995 . In addition, the DMA is negatively correlated with the presence of bifoveal fusion in infants and children with various forms of esotropia . In fact, Fawcett and Birch (2000) suggested that measurement of MVEP motion asymmetries can be considered as an objective index of bifoveal fusion.
Second, early surgical eye alignment (before two years of age) is associated with a significant reduction in the magnitude of asymmetry in infantile esotropia patients (Bosworth & Birch, 2007; Gerth et al., 2008; Jampolsky et al., 1994; Norcia et al., 1995) . Taken together, these studies imply that the motion mechanisms underlying the monocular MOKN and MVEP responses are inherently part of a binocular subsystem.
A third, indirect, line of evidence implies that the asymmetries observed in monocular motion VEPs represent activity of inherently binocular cells. Chandna et al. (1993) showed that following adaptation to a drifting grating, monocular motion VEPs in normal adults became asymmetric, manifesting significant F1 components not present prior to adaptation. The motion adaptation effect exhibited interocular transfer, causing the appearance of asymmetric responses (F1) in the unadapted eye (interocular transfer of an adaptationinduced asymmetry).
Due to the link between motion-based oculomotor asymmetries and clinical conditions affecting binocular development, the present work has potential clinical implications, both for understanding the etiology of diseases and for improved management. The monitoring of the status of a binocular motion subsystem, as represented by the DMA, has not been adequately explored as a potential interventional resource. Some studies have been encouraging along these lines. Jampolsky et al. (1994) found significant reductions in VEP motion asymmetry in infantile esotropia patients who had undergone full-time alternate occlusion therapy prior to surgery. In addition, the VEP asymmetry seems to maintain some degree of plasticity. Norcia et al. (1995) found that the motion VEP asymmetry is significantly lower in infantile esotropia patients who underwent early, successful strabismus surgery when compared with an age-matched group of patients with later or less successful surgical outcomes. These findings have been recently confirmed by Gerth et al. (2008) , who found that monocular VEP motion asymmetries were significantly lower (same as control infants) in infants submitted to early surgery for infantile esotropia than in infants receiving a standard (later) surgery protocol.
The JSF Sweep VEP paradigm can provide more specific information (in terms of spatiotemporal domain) about clinically relevant motion responses. Such information could be helpful in the assessment of clinical interventions and/or in clinical management of patient groups such as those with infantile esotropia, and could thus expand the options for clinical evaluation/treatment beyond current approaches (e.g., Bosworth & Birch, 2007; Gerth et al., 2008; Jampolsky et al., 1994; Norcia et al., 1995) .
Relationship with neural magnocellular and parvocellular processing streams
Ideally, we would like to be able to explain the VEP responses with specific underlying neural substrates, e.g. with transient (phasic) and sustained (tonic) ganglion cell signals, and/or with signals in the magnocellular (M) vs parvocellular (P) geniculocortical processing streams. However, the association between transient and sustained mechanisms as defined psychophysically, and physiological signals emanating from transient (phasic) and sustained (tonic) retinal ganglion cells is not as straightforward as hypothesized earlier (Merigan et al., 1991; Merigan & Maunsell, 1993) , nor is their relationship to the M and P geniculocortical projections. Moreover, the linking hypotheses associating responses from phasic (physiology) parasol (retinal anatomy) ganglion cells and M cells (LGN anatomy and physiology) are not clear cut. For example, it has been shown that, under some conditions, P cells in the LGN are, on average, more transient than M cells (Levitt et al., 2001 ; reviewed in Skottun & Skoyles, 2007b) . Moreover, the functional architecture of the cortical projections of the M-and P-mediated signals is highly complex, with varying proportions of cells manifesting motion/direction selectivity in the different cortical layers and areas (Felleman & Van Essen, 1991; Gegenfurtner & Hawken, 1996; Gegenfurtner, Kiper & Levitt, 1997; Nassi & Callaway, 2009 ). Thus, the assignment of F1 and F2 responses to M or P depends not only on the particular array of parameters of the stimulus being used, but on the locus of the cortical cells generating the responses.
Our data are not, by themselves, adequate to individually identify underlying neural substrates associated with the SF cutoffs and the F1 and F2 response components. The cutoffs for the F1 responses almost certainly reflect the responses from DS cortical neurons, and it would be natural to associate these with M signals. However, the attribution of F1 (asymmetrical) responses to M cells cannot yet be made. Varying proportions of cortical cells manifest motion/direction selectivity in the different cortical layers and areas (Felleman & Van Essen, 1991; Gegenfurtner & Hawken, 1996; Gegenfurtner et al., 1997; Nassi & Callaway, 2009) .
Our working hypothesis for the high SF cutoffs of the F2 components would be to associate them with non-DS (P-mediated) responses. However, the M and P pathways do not parse out cleanly along spatial and temporal dimensions, nor is directional selectivity restricted to neural responses in the M stream (e.g., Gegenfurtner & Hawken, 1996; Gegenfurtner et al., 1997; Nassi & Callaway, 2009; Sincich & Horton, 2005) . There is substantial overlap in their ST domains (see Skoyles, 2007a,b and Nassi & Callaway, 2009 ). In addition, the relative contribution of M and P signals to what is recorded in the VEP is likely to vary during sweeps of SF since the degree to which the stimulus is suprathreshold varies at the same time (reviewed by Skottun & Skoyles, 2008a , 2008b .
Thus, further research would be needed, with selective manipulation of additional stimulus parameters such as contrast, luminance, and chromatic content, to clarify the links between the JSF Sweep VEP responses we have measured and the known candidate physiological substrates.
Implications of the DMA for models of motion perception
One challenge for any comprehensive model of motion mechanisms in normal adult (primate) vision is that it must be "reducible" -either by changes in parameter values, or by elimination of one or more pathways in the model -to a form that predicts the asymmetries observed in normal development. No current motion model can account for the full range of phenomena observed in normal (and abnormal) development of motion processing. The most popular Reichardt type models are inherently monocular, and cannot account for a link between binocularity and directional selectivity (Adelson & Bergen, 1985; Borst & Egelhaaf, 1993; Poggio & Reichardt, 1973; Reichardt, 1961 Reichardt, , 1987 van Santen & Sperling, 1984 , 1985 Watson & Ahumada, 1985) . Other models may incorporate binocularity (Cynader & Regan, 1978; Shadlen & Carney, 1986) , but cannot account for motion asymmetries observed in infancy. Grzywacz & Norcia (1995) proposed a Hebbian mechanism by which simultaneous activation of binocular cells by correlated motion could consolidate a symmetrical response, but they did not propose a convincing mechanism by which the nasalward/temporalward bias is first established. Thus, a comprehensive model of primate motion processing must include not only a mechanism that accounts for monocular directional selectivity in adult vision, but must include mechanisms by which (1) direction selectivity itself is established early in development, (2) the initial distribution of direction selectivities is biased in opposite directions in the two eyes, and (3) the neonatal biases are resolved through a process of binocular interaction.
Finally, the new JSF Sweep VEP paradigm provides a means to refine and expand our understanding of both normal and abnormal directional and nondirectional selective mechanisms by delineating their spatiotemporal domain throughout development.
